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Intracellular loop 3The serotonin (5-HT1A) receptor, a G-protein-coupled receptor (GPCR), plays important roles in serotonergic
signaling in the central nervous system. The third intracellular loop (ICL3) of the 5-HT1A receptor has been
shown to be important for the regulation of this receptor through interactions with proteins such as G-
proteins and calmodulin. In this study, the ICL3 of 5-HT1A receptor was expressed in E. coli and puriﬁed. Gel
ﬁltration and mass spectrometry were used to conﬁrm the molecular weight of the puriﬁed ICL3. Secondary
structure analysis using circular dichroism (CD) demonstrated the presence of α-helical structures. Backbone
assignment of ICL3 was achieved using three-dimensional experiments. A chemical shift index and Talos+
analysis showed that residues E326 to R339 form α-helical structure. Residues G256 to S269 of ICL3 were
shown to be a novel region that has a molecular interaction with calmodulin in titration assays. Peptide
derived from the ICL3 containing residues from G256 to S269 also showed molecular interaction with
calmodulin.#03-01, Singapore. Tel.: +65
ll rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Serotonin (5-hydroxytryptamine, 5-HT) is a crucial neurotrans-
mitter in the central nervous system (CNS) which functions as an
agonist activating 5-HT receptors. The 5-HT receptors are G protein-
coupled receptors (GPCRs), and they represent the largest family of
membrane proteins in the human genome [1]. There are seven
families of 5-HT receptors, termed 5-HT1 to 5-HT7. This class of
receptors produce an excitatory or inhibitory response upon activa-
tion by serotonin, with the exception of the 5-HT3 receptor, which
functions as an ion channel [2]. The 5-HT1A receptor is widely
distributed widely in regions receiving serotonergic input from the
raphe nuclei [3], and has been implicated in several neurological
disorders such as depression and Alzheimer's disease (AD) [4]. The 5-
HT1A receptor is also thought to play important roles in neurodeve-
lopmental processes [3,5].
Protein sequence analysis has shown that the 5-HT1A receptor is
comprised of 422 amino acids and contains an extracellular N-
terminal segment, a seven transmembrane helix architecture provid-
ing the core scaffold that is important for ligand binding, three
extracellular loops, three intracellular loops (ICLs) and a C-terminal
tail [6]. There is no X-ray or NMR structure available for any parts of
the 5-HT1A receptor except some homology model studies [7].
Mutagenesis studies have shown ICL2, ICL3 and the C-terminal tailplay important roles in receptor coupling to G-proteins [8]. Previous
studies of the ICL3 of the 5-HT1A receptor indicated that it may play a
role as an inhibitor of forskolin-stimulated adenylyl cyclase activity
[8,9]. A recent study showed that calmodulin, an intracellular calcium
sensor interacts with the 5-HT1A receptor through ICL3 [10]. Previous
structural studies of other GPCRs indicated that ICL3 affects the
crystallization of GPCRs [11]. Structural characterization of the ICL3 of
5-HT1A receptor will provide insight for future structural and
functional studies of the seven-transmembrane domain of the 5-
HT1A receptor.
The ICL3 fragment of the of 5-HT1A receptor was expressed and
puriﬁed from E. coli cells and subjected to structural characterization.
CD and NMR experiments were conducted on the recombinant
proteins. NMR experiments were used to assign backbone resonances
for of ICL3 and the resultant chemical shift information was found to
include an α-helical region. In addition, ICL3-calmodulin interaction
was characterized by NMR and found that residues from G259 to S269
were involved in this interaction.
2. Materials and methods
2.1. Cloning and expression
The length of the ICL3 of 5-HT1A receptor was determined based on
sequence analysis using the TMHMM server (http://www.cbs.dtu.dk/
services/TMHMM/). The amino acid sequence from A221 to K345 was
selected for expression, and the hydrophobic residues in the predicted
transmembrane domain were excluded in the expressed protein to
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using PCR. The resulting PCR product was inserted into the pET16b
vector to generate pET16-ICL3. This expression vector codes for the
ICL3 protein sequence with a decahistidine tag at the N-terminus
followed by a Factor Xa cleavage site.
2.2. Expression and puriﬁcation of the ICL3
The pET16b-ICL plasmid was transformed into E. coli BL21 (DE3)
RIPL Codon Plus competent cells (Novagen). The cells were grown in
minimal medium and induced as previously described [12]. Protein
was uniformly labeled with 15N or 13C/15N by growing E. coli cells in a
minimal medium with 1 g/L of 15NH4Cl or 2 g/L of 13C-glucose [13].
Calmodulin was expressed in a pET plasmid which is a kind gift from
Prof. Ho Sup Yoon's lab and these proteins were puriﬁed as described
[14].
2.3. Ion exchange and gel ﬁltration chromatography
Puriﬁed ICL3 from the Ni2+-NTA column was exchanged to buffer
A, 20 mM Tris–HCl at pH7.2 10 mM NaCl, and 1 mM DTT (dithio-
threitol), using a PD10 desalting column (QE). The sample was loaded
onto a Hitrap SP HP column equilibrated with buffer A. ICL3 was
eluted with increasing concentrations of NaCl to 1 M. The fractions
containing ICL3 from the ion exchange column were loaded onto a
Superdex 200 column for further puriﬁcation. The buffer used in the
gel ﬁltration was the same as buffer A, except that 150 mM NaCl was
used.
2.4. Circular dichroism (CD) spectroscopy
A total of 0.3 mg/mL protein in a buffer containing 20 mM Na-PO4
at pH 6.5, 150 mM NaCl, and 2 mM β-mercaptoethanol, was used for
analysis. The blank signal was obtained with a cuvette with buffer
only, under the same conditions. The CD spectra were recorded on a
Chirascan instrument at 25 °C and samples were placed in a 0.1 cm
path length quartz cuvette. The CD signal was acquired in continuous
mode with a 1 nm data pitch and a 1 nm bandwidth.
2.5. NMR spectroscopy
All the NMR spectra were obtained on a Bruker Avance 700 MHz
spectrometer equippedwith a cryoprobe at 25 °C. Non-labeled or 15N-
labeled protein was suspended at a ~0.3 mM concentration in a buffer
containing 20 mM Na-PO4 at pH 6.5, 1 mM DTT, 150 mM NaCl, and
10% D2O. A proton one-dimensional (1D) spectrum was recorded
using the standard Bruker pulse program. The proton spectrum was
processed and visualized with Topspin from Bruker. The 2-D and 3-D
spectra were processed with NMRPipe [15] and visualized with
NMRView [16] and Sparky (http://www.cgl.ucsf.edu/home/sparky/).
The backbone assignment of ICL3 was achieved as described before
[17]. Peptide structure was determined as we described before [18].
2.6. ICL3 and the calmodulin binding assay
ICL3 and calmodulin were puriﬁed individually in a buffer that
contained 20 mM Bis–Tris at pH 6.5, 1 mM DTT, 2 mM Ca2Cl, and
150 mM NaCl. HSQC spectra were recorded to identify the speciﬁc
residues involved in the interaction. All the titration spectra were
collected at 298 K on a Bruker 600 MHz magnet equipped with a
cryogen probe. Peptide with ~98% purity (GESGSRNWRLGVESKA)
derived from the ICL3 was synthesized from GL Biochem Ltd. Peptide
was dissolved in water with a concentration of 30 mg/ml and used for
the titration study with calmodulin.3. Results
3.1. Bioinformatics analysis
Amino acid analysis of the 5-HT1A receptor on the TMHMM server
showed the presence of seven transmembrane domains (Fig. S1). A
sequence alignment of ICL3s of the 5-HT1 receptor family is shown in
Fig. 1. All of the 5-HT1 receptors have conserved sequences in seven
transmembrane domains (data is not shown), but there is no
sequence homology in the ICL3 region (Fig. 1B), indicating this region
may be partly responsible for the diverse functions of this family of
receptors. Functional studies showed that ICL3 between transmem-
brane domains 5 and 6 plays important roles in signal transduction
through its interaction with proteins such as calmodulin and G-
proteins. Secondary structural analysis of ICL3 was performed using
the PSIPRED server [19] and FoldIndex [20] and the results showed
that it was not completely unstructured.
3.2. Protein puriﬁcation
To obtain large quantities of ICL3, a histidine tag was cloned onto its
N-terminus to facilitate puriﬁcation. SDS-PAGE showed that Ni2+-NTA
afﬁnity puriﬁcation yielded ICl3 with ~80% purity when expressed in
minimal medium (Fig. 2A). One band migrated in a similar position to
ICL3 and always co-puriﬁed with it, which was observed during Factor
Xa cleavage (Fig. 2B lane 2). Ion exchange chromatography using a
Hitrap SP HP columnwas performed and the results indicated that ICL3
eluted at a NaCl concentration of ~50% (Fig. 2A lane 5). After ion-
exchange and gel ﬁltration chromatography, we obtained very pure
ICL3 protein for further analysis (Fig. 2A lane 6).
3.3. Protease sensitivity
Disordered proteins are sensitive to proteases [21]. When the
puriﬁcation of ICL3 was performed at room temperature, no apparent
degradation was founded in the absence of protease inhibitor
(Fig. 2A). When Factor Xa was added to remove the histidine tag,
no non-speciﬁc degradation was observed during the ﬁrst hour of
digestion at room temperature (Fig. 2B lane 3). The protein was non-
speciﬁcally cleaved after incubation with Factor Xa at room
temperature for more than 2 h (Fig. 2B lane 3), which indicated that
there must be some ﬂexible regions present, as there is no Factor Xa
cleavage sequence present in the ICL3 protein sequence. In the
following studies, ICL3 without Factor Xa digestion was used.
3.4. Molecular weight determination
The molecular weight of recombinant ICL3 protein is ~16.0 kDa,
but it migrated as a ~20 kDa protein in a SDS-PAGE gel (Fig. 2A). We
analyzed themolecular weight of ICL3 using both gel ﬁltration andMS
analyses. Gel ﬁltration showed that the puriﬁed protein had the a
retention volume of 17.2 mL, corresponding to a molecular weight of
~15 kDa, which is close to its theoretical mass (Fig. 2C). The puriﬁed
ICL3 was also subjected to an ESI-TOF experiment. The spectrum
showed a major protein component of ~16 kDa (Fig. 2D). The mass
assigned to the major component is close to the theoretical mass
(16,042 Da) of ICL3. Aberrant migration on SDS-PAGE has also been
found in several other intrinsically disordered proteins [21] and may
be result of having disordered regions in this protein.
3.5. CD analysis
To further address the folding of ICL3, far-UV CD spectroscopy was
applied. The CD spectrum showed that ICL3 containsα-helical regions
as negative bands at 212 nm and 228 nm (Fig. 2E). A positive band
was also observed at 195 nm. The α-helix normally has negative
AB
Fig. 1. Sequence analysis of the 5-HT1A receptor. (A) Membrane topology of 5-HT1A receptor. The membrane is illustrated as a solid box. Transmembrane domains were predicted
from the TMHMM server (http://www.cbs.dtu.dk/services/TMHMM/). Arrows indicate the sequence of ICL3 used in this study. (B) Sequence alignment of the ICL3s of receptors in 5-
HT1A family. The access number of the proteins sequences are P08908, P28222, P28221, P28566, and P30939 (http://www.uniprot.org/) Sequence alignment was carried out with
ClustalW2 [30]. Residues that are identically conserved in all the receptors are highlighted with a white and black background; the residues that are similarly conserved in all the
receptors are highlighted with a black and gray background.
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spectrum, while random coil structures have a negative band at
212 nm and a positive absorption at 195 nm. The spectra of ICL3
indicated that it contains a mixture of α-helical and disordered
regions.
3.6. NMR study
To further explore the structure of the puriﬁed ICL3, we applied
NMR to study its structure. Spectra (Figs. 2F, 3A) showed that the
dispersion of 1H―15N crosspeaks are in the range of 7.8 to 8.6 ppm,
suggesting that the protein contains both α-helical and disordered
components. To further conﬁrm its secondary structure, backbone
assignment for ICL3 was achieved using conventional NMR experi-
ments. The assignment for 120 of the 139 ICL3 backbone amine and
amide protons (8 prolines and 22 residues from N-terminal tag) was
achieved. Residues from the N-terminal tag were not assigned
because of the ﬂexibility. The assignment of the HSQC spectrum was
shown in Fig. 3A.
With the backbone assignment of ICL3, the secondary structure
was analyzed using both Talos+ [22] and a chemical shift index [23]
analysis using Cα chemical shifts. Analysis showed the presence of
one α-helical region which is shown in Fig. 3B and C. As only one α-
helical region was identiﬁed in this region, no further structure
determination was carried out. A structure model of this α-helical
region was generated using PyMOL (www.pymol.org). Surface chargerepresentation showed that this helical region had a very positively
charged site, which maybe an important site for protein–protein
interactions.
3.7. ICL3 interaction with calmodulin
Calmodulinwas shown to interact with 5-HT1A receptor through
ICL3, and this interaction has been shown to regulate its function
[10]. To probe the molecular interaction between these two
proteins in vitro, we performed NMR titrations using 15N-labeled
ICL3 with non-labeled calmodulin in the presence of calcium, and
the perturbations of chemical shifts in the 2D HSQC experiments
were monitored. Our results demonstrated that some residues
including R224–R226 and G256–S269, were affected upon the
addition of calmodulin (Fig. 4A), indicating that these residues are
involved in the molecular interaction with calmodulin (Fig. 3A).
The affected residues are different from the ones identiﬁed from the
server prediction (http://calcium.uhnres.utoronto.ca/ctdb/ctdb/
sequence.html). The overall HSQC spectra of ICL3 in the presence
of calmodulin remained similar to that of free ICL3, but the affected
residues had larger linewidth, indicating the molecular interaction
between these two proteins is undergoing intermediate exchange.
The residues of 5HT1A ICL3 that are involved in calmodulin binding
are summarized in Fig. 4B. In addition, the molecular interaction
between ICL3 and calmodulin was studied by adding un-labeled










































Fig. 2. Protein puriﬁcation and identiﬁcation. (A) Puriﬁcation of ICL3. The puriﬁcation steps were analyzed by SDS-PAGE with a molecular weight standard (lane 1). Lane 2 is total E.
coli cell lysate. Lane 3 is the supernatant loaded onto a Ni2+-NTA column. Lane 4 is the puriﬁcation fraction from an afﬁnity column. Lanes 5 and 6 are the elution fractions from an
ion-exchange column and gel ﬁltration chromatography puriﬁcation. (B) Digestion of ICL3 with Factor Xa. Puriﬁed ICL3 (lane 2) that contains a histidine tag and a Factor Xa cleavage
site was incubated with Factor Xa at room temperature for 1 h (lane 3) and 2 h (lane 4). (C) Molecular weight determination of ICL3 using gel ﬁltration. The molecular weight was
determined by ﬁtting to the standard gel ﬁltration curve. (D) MS analysis of ICL3. The ICL3 from the gel ﬁltration column was subjected to analysis using MS. (E) CD analysis of ICL3.
The experiment was performed at 25 °C. (F) 1 D proton NMR analysis of ICL3.
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Residues of calmodulin were affected, which is shown in Fig. 4D.
Further titration analysis showed that peptide derived from the
ICL3 had the interaction with calmodulin with a dissociation
constant (KD) of ~200 μM (Fig. 6A, Fig. S2).3.8. Peptide (G259-S269) showed calcium independent interaction
with calmodulin
To examine if the interaction between peptide containing residues
G259–S260 and calmodulin was calcium dependent, a titration
between calmodulin (no-calcium) and peptide was performed.
Results showed that this peptide interacted with calmodulin in theabsence of calcium. In addition, some residues are undergoing slow
exchange because new peaks were observed in the titration
experiment (Fig. 6B).4. Discussion
GPCRs are regulated by protein–protein interactions that play
very important roles in signal transduction across the membrane.
The ICL3 of GPCRs is important for G-protein coupling. Some of the
ICLs of GPCRs, such as β-adrenoceptors have been found to be
ﬂexible by NMR and CD studies [24]. Unstructured proteins are
ﬂexible and provide an easily accessible interface allowing
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Fig. 3. Structure analysis of ICL3. (A) Backbone assignment of ICL3. Assignment of the HSQC spectrum for ICL3. (B) Chemical shift index analysis of ICL3 based upon a Cα chemical
shift. (C) Secondary analysis from Talos+. The region forming anα-helical structure is shown in the box with a gray background. (D). Structure model of theα-helical region of ICL3.
Cartoon representation of this helical region was generated in PyMOL. (E) Electrostatic surface representation of the α-helical region, where blue represents positively charged
residues and red represents negatively charged residues.
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or G-proteins following signal transduction from environmental
factors, such as ligand binding [10]. In this study, we expressed and
puriﬁed large quantities of ICL3 from E. coli and studied its structure
using CD and NMR spectroscopy. Based upon bioinformatics
analysis of the 5-HT family of receptors, the 5-HT1A receptor
contains a very large ICL3 region (~120 amino acids). Structural
prediction using several servers indicated that the ICL3 of the 5-
HT1A receptor was not inherently disordered. Our CD study
indicates that the ICL3 contained α-helical regions. NMR resonance
assignment of ICL3 allows us to conduct secondary structure
analyses on this protein. It is clear from the NMR data that there
is an α-helical segment in the ICL3, which may be important for its
function. Charges on this helix were analyzed using PyMOL, which
indicated that the helix is highly positively charged and that may be
important for protein–protein interactions (Fig. 3D, E). According
to other studies of the ICL3 region of GPCRs, binding with other
proteins can cause secondary structure formation of ICL3 which
may stabilize the secondary structure components. The ﬂexible
nature of ICL3 allows its interaction with other proteins to regulate
the function of the receptor. Removal of this ﬂexible region from the
5-HT1A receptor will help elucidate the structure of the seven
transmembrane domains [26].
The ubiquitous calcium sensor, calmodulin, was shown to co-
immunoprecipitate with the 5-HT1A receptor, and peptides derived
from the ICL3 regions were conﬁrmed to molecularly interact with
calmodulin [10]. Puriﬁed ICL3 of the 5HT2A receptor from E. coli
showed molecular interaction with calmodulin. There are three
residues of the N-terminal region of ICL3 showed interaction with
calmodulin in the titration experiment (Fig. 4B) and no residues at
the C-terminal region of ICL3 involved in the interactions (Fig. 4B).
Previous peptide study from the N- and C-terminus of the ICL3
showed high afﬁnity to calmodulin [10]. Hydrophobic residues in a
calmodulin binding peptide are important for the molecular
interaction with calmodulin [27]. In our ICL3 protein sequence,
some hydrophobic residues that are important for the interaction
with calmodulin at the N- and C-terminuswere not included, which
may explain that there were fewer residues from the N- and C-
terminus of the ICL3 observed in our titration experiment (Fig. 4).
Nevertheless, we identiﬁed a new region (G259–S269) involved in
the molecular interaction with calmodulin. To further conﬁrm this
region, a peptide containing G259–S269 was synthesized and NMR
structural study on this peptide indicated that is disordered
(Fig. 5A, B). A titration study between this peptide and 15N-labeled
calmodulin was conducted and a similar chemical perturbation
effect was observed, which conﬁrmed that this region interacted
with calmodulin (Fig. 5C). In addition, the interaction between this
peptide and calmodulin was calcium independent (Fig. 6B). This
new observation may provide some insight into the regulation of
the 5HT1A receptor by calmodulin. Calmodulin binding peptides
have a potential to form amphiphilic α-helical structures after
forming complex with calmodulin [27]. NMR analysis on the region
showed all these calmodulin-interaction residues of ICL3 from the
5-HT1A receptor are disordered. Helix wheel analysis showed thatFig. 4. Molecular interaction between ICL3 and calmodulin. (A) 15N-labeled ICL3 was
monitored on a 2 D HSQC spectrum upon the addition of unlabeled calmodulin.
Concentrations of ICL3, calcium and ICL3 are 0.2 mM, 1 mM and 0.3 mM, respectively. (B)
Residues of ICL3 affected after the addition of calmodulin. Red residues are observed as
affected as affected based on the titration experiments. Underlined residues are predicted
calmodulin binding sites. Residues in box are theα-helical structure from our NMR analysis.
(C) 15N-labeled calmodulin was monitored on a 2 D HSQC spectrum upon the addition of
unlabeled ICL3. Proteins are in the same condition as described in Fig. 6 B. (D) Residues from
calmodulin affected upon he addition of ICL3. The calmodulin structure is from PDB id 1x02.
The affected residues are shown in sphere mode.this new calmodulin binding region has a potential to form
amphiphilic helix with residues G259, G266, W263 and V267
facing one side and other residues facing another (Fig. 5D, E). It is






Fig. 5. Structure and interaction between calmodulin and peptide derived from ICL3. (A) (B) NMR structure of the peptide from ICL3. NMR structure of the peptide was determined
based the NOESY spectrum with a 300 ms mixing time. The resonance assignment was conducted using TOCSY spectrum with 80 ms mixing time. Three classes of NOEs, weak,
medium and strong, were used in the structural determination. (C) Titration between 15N labeled calmodulin and peptide. Protein was in Bis–Tris buffer with a concentration of
0.3 mM and peptide was in a concentration of 2 mM. (D)Helix Wheel of the residues G259-S269 from ICL3 of the 5-HT1A receptor. (E) Cartoon representation of this Helix. Figure
was drawn in PyMOL (www.pymol.org).
2230 A.S. Chen et al. / Biochimica et Biophysica Acta 1808 (2011) 2224–2232change to form the binding interface to calmodulin as many
calmodulin interaction binding peptides are not well-structured
before forming complex with calmodulin [28]. The line width
broadening observed in the titration experiment indicates that thisregion may undergo conformational change (Fig. 3A). The identi-
ﬁcation of new calmodulin binding sites in ICL3 will be useful for
further investigation of the 5-HT1A interaction with calmodulin.
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Fig. 6. Calmodulin binds to the ICL3 peptide in presence (A) and absence of calcium (B).
The 1H―15N HSQC spectra were collected by using 15N labeled calmodulin (0.5 mM)
with the increasing concentration of peptide derived from ICL3 at 298 °C.
2231A.S. Chen et al. / Biochimica et Biophysica Acta 1808 (2011) 2224–2232further conﬁrmed their interactions. Some residues of calmodulin
involved in the molecular interaction with ICL3 were identiﬁed and
shown in Fig. 4 based upon the previous assignment [29], which
demonstrated that both the N- and C-terminus of calmodulin are
affected by the molecular interaction with ICL3.
5. Conclusions
In summary, our study provided detailed methods for the
expression and puriﬁcation of the ICL3 region of the 5-HT1A receptor
from E. coli cells. High-purity ICL3 was obtained through afﬁnity, ion-
exchange and gel ﬁltration chromatography. The assignment of
backbone NMR resonances was achieved and our study provides the
ﬁrst experimental proof that the ICL3 of the 5-HT1A receptor is not
completely disordered and that residues E326-R339 form anα-helical
structure under solution conditions. We also demonstrated a direct
molecular interaction between ICL3 and calmodulin, which is
important for the regulation of this receptor. A new region (G259–
S269) was identiﬁed to be involved in the molecular interaction with
calmodulin, which was calcium independent. The availability of
puriﬁed ICL3 should facilitate structural and functional studies of
the 5-HT1A receptors and a better understanding of this loop may also
help in engineering GPCRs to make them more amenable to future
structural studies.Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.05.014.
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